We report results of a high-resolution numerical-relativity simulation for the merger of black holemagnetized neutron star binaries on Japanese supercomputer "K". We focus on a binary that is subject to tidal disruption and subsequent formation of a massive accretion torus. We find the launch of thermally driven torus wind, subsequent formation of a funnel wall above the torus and a magnetosphere with collimated poloidal magnetic field, and high Blandford-Znajek luminosity. We show for the first time this picture in a self-consistent simulation. The turbulence-like motion induced by the non-axisymmetric magnetorotational instability as well as the Kelvin-Helmholtz instability inside the accretion torus works as an agent to drive the mass accretion and converts the accretion energy to thermal energy, which results in the generation of a strong wind. By an in-depth resolution study, we reveal that high resolution is essential to draw such a picture. We also discuss the implication for the r-process nucleosynthesis, the radioactively-powered transient emission, and short gamma-ray bursts.
I. INTRODUCTION
The merger of a black hole (BH) and a neutron star (NS) is one of the most promising sources of gravitational waves [1] [2] [3] . It could be also one of the strongest high-energy phenomena in the universe, if the NS is tidally disrupted by the companion BH before the onset of the merger. Previous numerical-relativity simulations [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] have shown that after tidal disruption, a system composed of a BH and a torus is formed. This system could be the central engine of short gammaray bursts (sGRBs) [16] . It is also found that during tidal disruption, an appreciable amount of mass is ejected [7, 8, 10, 11] . Such ejecta, which should be neutron-rich, will subsequently produce heavy elements via r-process nucleosynthesis [17] . The produced unstable heavy elements will subsequently decay, heat-up the ejecta, and shine [18] . Such an electromagnetic signal could be an electromagnetic counterpart to detected gravitational waves [19] [20] [21] [22] [23] [24] [25] [26] [27] .
These facts motivate us to perform physically reliable numerical-relativity simulation of BH-NS mergers. Here, the presence of strong magnetic fields is one of the most characteristic properties of NSs [28] . However, the role of the magnetic fields in their merger process is still poorly known.
BH-NS mergers can be subject to tidal disruption, for a broad range of the NS compactness, the mass ratio of BH to NS, and BH spin [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] . An accretion torus, expected to be formed around the remnant BH, is subject to the magnetorotational instability (MRI) [29] , and thus, the magnetic field will be amplified. Previously, it was difficult to perform high-resolution simulations to resolve the fastest growing mode of the MRI because of limited computational resources, although several preliminary numerical-relativity simulations have been carried out [30] [31] [32] [33] [34] .
In this paper, we report the results of our latest general relativistic magnetohydrodynamics (GRMHD) simulation for the BH-NS merger performed on Japanese supercomputer K. The highest-resolution simulation performed so far together with an in-depth resolution study was done.
II. METHOD, INITIAL MODELS, AND GRID SETUP.
Einstein's equation is solved in a puncture-BaumgarteShapiro-Shibata-Nakamura formalism together with fourth-order finite differencing [35] [36] [37] [38] and the GRMHD equations are solved by a high-resolution shock capturing scheme. The simulations are performed using a fixed-mesh refinement (FMR) algorithm in which each refinement level labeled by i covers the cubic domain of x (i) ∈ [−N ∆x (i) , N ∆x (i) ] with ∆x (i) being the grid spacing of level i. ∆x (i) = 2∆x (i+1) and i = 1, 2 · · · , and i max − 1 (see Refs. [39, 40] for details). Typically, we set i max = 10 and the finest grid domain is a (123 km) 3 cube. To examine how the result depends on the grid resolution, we change ∆x imax = 120m, 160m, 202m, and 270m, respectively. We show the grid set-up in our simulations in Table I . In the highest-resolution run, we use 32, 768 CPUs.
As initial data, we prepare a BH-NS binary in quasiequilibrium using the method of Ref. [41] . We model the NS by the Akmal-Pandhalipande-Ravenhall EOS [42] which is compatible with a maximum neutron star mass ≥ 2M as required by current observational constraints [43, 44] . We set the NS mass, the mass ratio of BH to NS, and the dimensionless aligned spin of BH, χ, to be 1.35M , 4, and 0.75, respectively. The initial orbital angular velocity is Gm 0 Ω/c 3 = 0.056, where G is the gravitational constant, m 0 is the sum of BH and NS gravitational mass in isolation, and c is the speed of light. With these parameters, a massive accretion torus is formed after tidal disruption [8, 25] .
The initial magnetic-field configuration is given in terms of the vector potential as [45] 
where x NS and y NS denote the coordinate center of the NS, P is the pressure, P c = P (ρ = 0.04ρ max ), and j = x, y, and z. ρ max is the maximum rest-mass density and we set A b such that the initial maximum magneticfield strength is 10 15 G. Even if we start a simulation with this ad hoc localized seed magnetic field, the resulting torus surrounding the remnant BH becomes in a turbulence-like state and a global magnetic field is naturally formed eventually. The magnetic-field strength is chosen so that the wavelength of the fastest growing mode of the non-axisymmetric MRI is larger than 10∆x imax . We note that the resulting turbulence-like state should not depend critically on the initial magneticfield configuration and strength as long as the MRI is resolved [46] (see also Ref. [47] for the discussion of the dependence of the saturation amplitude on the initial field configuration). The EOS is parametrized by a piecewise polytrope [48] and a gamma-law EOS is added during the simulation to capture shock heating effects with thermal gamma of 1.8. Other choice of thermal gamma could affect the amount of the torus wind.
III. RESULTS. Figure 1 shows snapshots of the rest-mass density profile with the magnetic-field lines. Before swallowed by the BH, the NS is tidally disrupted. A part of NS matter subsequently forms an accretion torus around the remnant BH with mass of ≈ 0.13M at ≈ 10 ms after the tidal disruption. The Kelvin-Helmholtz instability develops in the contact interfaces of the wound spiral arm because of the presence of shear motion shown in Fig. 1a and the vortices are generated subsequently enhancing the magnetic-field energy. In addition, the non-axisymmetric MRI activates amplification of the magnetic-field strength [49] (Fig. 1b) . The mass accretion is enhanced by turbulence-like motion which is generated by these MHD instabilities as well as by the gravitational torque exerted by the non-axisymmetric structure of the accretion torus (see Fig. 1c and visualization in Ref.
[50]). Figure 2 plots the ejecta mass, torus mass, mass accretion rate onto the BH, and ratio of the magnetic-field energy, E B , to internal energy, E int , as functions of time. We define the merger time t mrg to be the time at which the gravitational-wave amplitude becomes maximal. The ejecta is defined to be fluid elements which reside outside the BH and have u t < −1 where u t is the lower time component of the four velocity. This criterion means that the fluid elements are gravitationally unbounded. The primary mass-ejection mechanism is tidal torque exerted during tidal disruption and this dynamical ejecta is seen for 0 ms t − t mrg 10 ms in Fig. 2 . During this early phase, NS matter of ∼ 0.01M is ejected approximately along the orbital plane. This result agrees with that found in Refs. [7, 8] , which demonstrates that our findings will remain robust also for a larger initial separation.
After this primary phase, a new ejecta component appears. In the highest-resolution run, the accumulated accretion mass onto the BH for 10 ms t − t mrg 30 ms is ≈ 0.03M , while the torus mass decreases by ≈ 0.06M over the same time. This implies that a significant amount of the torus mass is ejected by a torus wind. The launch time and amount of material ejected by the wind depend strongly on the grid resolution: The higherresolution runs result in an earlier launch time and larger amount of the ejecta. The mass accretion rate onto the BH also depends on the grid resolution: For higher resolutions, it is smaller. The reason for these facts will be described later.
The bottom panel of Fig. 2 shows that irrespective of the grid resolution, the magnetic-field energy is exponentially enhanced and eventually saturated: E B is typically 0.1% of E int . The growth rates of E B for 10 ms t − t mrg 20 ms correspond to 7-8% of the orbital angular velocity. This growth rate agrees approximately with that of the non-axisymmetric MRI predicted by the linear perturbation analysis [49] .
To see that our grid setting is sufficient to resolve the fastest growing mode of the non-axisymmetric MRI, Fig. 3 plots a snapshot of wavelength of the fastest growing mode of the non-axisymmetric MRI on a meridional (x-z) plane at t − t mrg ≈ 15.0 ms. We estimate the wavelength by
where b (ϕ) , ρ, h, and Ω are an azimuthal component of the magnetic field measured in the fluid rest frame, the rest-mass density, the specific enthalpy, and the angular velocity, respectively. The wavelength is longer than ≈ 3 km in a large portion of the region and this indicates the fastest growing mode is covered by more than ten grid points even in the lowest-resolution run. The right panel of Fig. 3 clearly shows it. Therefore, turbulencelike motion produced by the MRI, which is resolved in our numerical simulation, plays an important role in the mass ejection. We discuss this point later.
In the presence of neutrino radiation, the growth rate of the fastest growing MRI mode could be significantly suppressed once neutrino viscosity and drag turn on [53] . According to Ref. [53] , the neutrino viscosity ν, the neutrino mean free path λ ν−mfp , and the wavelength of the fastest growing MRI mode λ vis−MRI in the viscous regime are :
12 cm,
3 s −1 , and ν 12 = ν/10 12 cm 2 s −1 . Note that these estimates would depend on the structure of the accretion torus [54, 55] .
Assuming the gas, photons, and relativistic electron and positrons contribute to the specific thermal energy, we evaluate the temperature from the thermal component of the specific internal energy [56] . We utilize the data of the density, angular velocity, and the specific internal energy along x-axis on the equatorial plane at t − t mrg ≈ 10 ms. Figure 4 plots the radial profile of λ ν−mfp and λ vis−MRI . In the entire region, λ ν−mfp is always longer than λ vis−MRI , which implies that the effect of neutrinos on the MRI is not described by the viscosity, but by the neutrino drag. The neutrino drag is characterized by the damping rate Γ of the velocity fluctuation due to the momentum transport. According to Ref. [53] , Γ = 6 × 10 3 T 6 10 s −1 . The radial profile of Γ is shown in Fig. 4 . Because Γ Ω in the entire region, the growth rate of the MRI is not affected by the neutrino drag. Although there is an ambiguity in terms of the accretion torus structure and the temperature estimation, we conclude that the MRI growth rate is not significantly different from that of the ideal MHD in this BH-NS merger. The MRI will grow exponentially even if we assume a weak magnetic-field strength of ∼ 10 11 G. Figure 5 plots snapshots of the rest-mass density, plasma β (the ratio of matter pressure to magnetic pressure), thermal component of specific internal energy, and sum of the Maxwell and Reynolds stress on the x-z plane at t − t mrg ≈ 50.6 ms for the highest-resolution run. We also plot contours of u t . Here, W ≡ ln(−u t ) is an effective potential of a test particle moving in stationary and axisymmetric BH spacetime [51] . The shape of curves in the vicinity of the rotational axis with u t = −1 is approximately parabolic. In the Newtonian limit, W is reduced to −GM BH /(R 2 +z 2 ) 1/2 +l 2 /2R 2 where M BH , R, and l are the BH mass, cylindrical coordinate, and specific angular momentum, respectively. We assume constant specific angular momentum for simplicity. In this case, for a given value of l the contour of u t = −1 becomes parabolic. If the specific angular momentum for fluid elements is sufficiently enhanced or fluid elements are pushed to high latitude (z R) by thermal pressure, they could have u t ≤ −1 (W ≥ 0) [52, 57, 58] (see the discussion in the next paragraph). Because there is no matter in the region above the torus, the wind, once it is launched, expands in the widely spread radial direction by contrast with the tidally induced ejecta. Subsequently, a funnel wall is formed.
The point to be clarified is how fluid elements are injected into the region with u t < −1 (W > 0). We find that β at the launch time of the wind is much greater than unity near the torus; pure magnetic pressure would not be the main agent of the injection. The bottomleft panel of Fig. 5 indicates that there is a hot region in the vicinity of the BH, which produces a steep pressure gradient. Due to this gradient, the fluid elements are accelerated radially and become unbound once they reach the region with u t < −1 (W > 0)(see Ref. [52] for essentially the same discussion).
To explore the mechanism to enhance the thermal pressure, we analyze the specific kinetic-energy spectrum E(k), which is calculated by 1/2 V j e −i k· r δv j ( x + r)δv j ( x) d 3 rdΩ k where k is a wavenumber vector, k = | k|, dΩ k is the volume element in a spherical shell between k and k + dk, and V is a cubic region of Figure 6 plots this energy spectrum for all runs. This shows that (i) the spectrum is extended to smaller scales in the higher-resolution runs, indicating that the energy is injected at a small scale at which the MRI develops and (ii) the spectrum amplitude is higher for the higher-resolution runs. Numerically resolvable wavelength of the fastest growing mode of the MRI becomes shorter with increasing the grid resolution. Therefore, the wavenumber for which the MRI develops is given by k/2π = 1/10∆x imax ≈ 0.83 km −1 for the highestresolution run, ≈ 0.62 km −1 for the middle-resolution run, ≈ 0.50 km −1 for the normal-resolution run, and ≈ 0.33 km −1 for the lowest-resolution run, respectively. This is expected to be approximately equal to the energy injection scale in E(k). Assuming that a turbulent state is realized, the specific energy dissipation rate is ∼ δv 3 /l edd where l edd is the scale of the vortices [62] . Because the turbulent energy is proportional to δv 2 , Fig. 6 suggests that δv becomes higher in the higher-resolution runs for a given scale l edd . This indicates that the effective turbulent viscosity, l edd δv, increases with increasing resolution. Due to the realistic high viscosity achieved by this turbulence-like motion, the mass accretion inside the accretion torus is enhanced in the higher-resolution runs and the mass accretion energy is efficiently converted to thermal energy in the vicinity of the BH [63] [64] [65] . Figure 7 plots snapshots of the thermal component of specific internal energy on the x-z plane at t−t mrg ≈ 50.6 ms for ∆x = 160 m and 270 m. Comparing to the bottom-left panel of Fig. 5 , the thermal component of specific internal energy in the vicinity of the inner edge of torus and the torus interior is larger than that in the rest of torus in the higher resolution run. This trend indicates that efficient thermalization of the mass accretion energy due to the effective turbulent viscosity would be realized as discussed above. Consequently, the toruswind power is enhanced while the mass accretion onto the BH is suppressed [63] [64] [65] , which can be seen clearly in Fig. 2 . The bottom-right panel of Fig. 5 indeed shows that the energy is transferred outward. In Figs. 2 and 6 , the amount of the ejecta mass and the spectrum of the matter flow do not exhibit the convergence. However, with the improvement of the grid resolution, the total amount of the torus wind mass increases and this indicates that our highest-resolution results would show the lower bound of the total wind mass.
The high BH spin with a small horizon radius, which is necessary for tidal disruption of realistic BH-NS binaries [8, [10] [11] [12] [13] [14] , prevents the fluid elements from being accreted on the remnant BH. Then, the fluid elements tend to stay in the vicinity of the BH and the pressure gradient is enhanced [60] . This is also the key to push the fluid elements outward [52] . In our simulation, the BH is spun up to χ ≈ 0.9, which implies the radius of the inner most stable circular orbit is so small ≈ 2.32GM BH /c 2 [59] that an efficient draining by the BH is prohibited. Hence, the accretion onto the BH is suppressed [60, 61] (see also the panel (c) of Fig. 2 ). The amount of the torus wind mass is ≈ 0.06M in the highest-resolution run, which corresponds to about 50 % of the torus mass at t − t mrg ≈ 10 ms.
As discussed above, the pressure gradient in the vicinity of the BH accelerates the outflow and this results in the formation of coherent poloidal magnetic fields because the magnetic-field lines are frozen into fluid elements. A low-β region is formed along the funnel wall in the wind phase. Subsequently, the magnetic pressure pushes matter and magnetic-field lines to the polar region because there is only dilute matter in this region at the wind launch. This results in the formation of a BH magnetosphere. The top-right panel of Fig. 5 indeed shows that a region with β ∼ 10 −1 is formed around zaxis. In the presence of a BH magnetosphere composed of a coherent poloidal magnetic field, the Blandford-Znajek (BZ) mechanism [66] efficiently works for the outgoing Poynting flux generation. Figure 8 plots time evolution of the outgoing Poynting flux estimated on an apparent horizon. This figure shows that the Poynting flux is significantly enhanced after the wind launch because of the coherent poloidal magnetic-field formation.The Poynting flux is as high as ≈ 2 × 10 49 erg/s in the end of the highest-resolution run. We performed high-resolution GRMHD simulations of a BH-NS merger on the supercomputer K. We selfconsistently show a series of the processes composed of tidal disruption of the NS, the accretion torus formation, the magnetic-field amplification due to the nonaxisymmetric MRI, thermally driven torus wind, subsequent formation of the funnel wall and BH magnetosphere, and the high BZ luminosity.
A resolution study revealed that turbulence-like motion works as the agent to drive the mass accretion and convert kinetic energy to thermal energy resulting in the generation of a strong wind. To show this phenomenon, sufficiently high-resolution simulations are essential. After the launch of the torus wind, a funnel wall and magnetosphere with collimated poloidal magnetic fields are naturally formed.
The torus wind and subsequent funnel plus magnetosphere formation have the following implications. First, the formed magnetosphere could help launching a jet by the BZ mechanism. The high outgoing Poynting flux found in our simulation could be the main engine for sGRBs [67] . Also, the jet could be collimated naturally by the pressure exerted by the funnel wall once the wind is launched.
The torus wind could contribute significantly to rprocess nucleosynthesis of heavy elements in BH-NS mergers. The dynamical ejecta would be neutron-rich and have a low value of electron fraction Y e . By contrast, the torus wind component is expected to have a higher value of Y e due to weak interactions because it has high temperature by shock-heating [68] . A mixture of the dynamical and wind components could be a key to reproduce the solar abundance pattern of the rprocess heavy elements. Note that it was suggested that viscosity-driven and neutrino-driven winds from a torus around the BH could reproduce the solar abundances for mass-number greater than 90 [68] (see also Refs. [69, 70] for the NS-NS case).
Finally, we comment on the kilonova/macronova (radioactively-powered electromagnetic emission) model [18] . The amount of the torus wind component in the highest-resolution run is as high as ≈ 0.06M which is much larger than that of the dynamical component FIG. 1 . Snapshots of the rest-mass density profile with the magnetic-field lines (a) just after tidal disruption , (b) at an early phase of accretion torus, and (c) in the final phase. The iso-surfaces for 10 11 , 10 10 , and 10 9 g/cm 3 are denoted by yellow, green, and blue color. The magnetic-field lines are shown by the white curves. In the middle panel, the iso-surfaces are drawn for the three-quarter region. ≈ 0.01M . The torus wind would significantly contribute to kilonova/macronova in BH-NS mergers. This point should be investigated systematically in a future work.
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